Although our understanding of the genetics and pathology of congenital lung diseases such as surfactant protein deficiency, cystic fibrosis, and alpha-1 antitrypsin deficiency is extensive, treatment options are lacking. Because the lung is a barrier organ in direct communication with the external environment, targeted delivery of gene corrective technologies to the respiratory system via intratracheal or intranasal routes is an attractive option for therapy. CRISPR/Cas9 gene-editing technology is a promising approach to repairing or inactivating disease-causing mutations. Recent reports have provided proof of concept by using CRISPR/Cas9 to successfully repair or inactivate mutations in animal models of monogenic human diseases. Potential pulmonary applications of CRISPR/Cas9 gene editing include gene correction of monogenic diseases in pre-or postnatal lungs and ex vivo gene editing of patient-specific airway stem cells followed by autologous cell transplant. Strategies to enhance gene-editing efficiency and eliminate off-target effects by targeting pulmonary stem/progenitor cells and the assessment of short-term and long-term effects of gene editing are important considerations as the field advances. If methods continue to advance rapidly, CRISPR/Cas9-mediated gene editing may provide a novel opportunity to correct monogenic diseases of the respiratory system.
Approximately 22% of all pediatric hospital admissions are for respiratory disorders, and congenital causes of respiratory diseases are frequently lethal despite significant advances in clinical care and a better understanding of pathogenic mechanisms (1) (2) (3) . Some of the most common congenital lung diseases include surfactant protein (SP) deficiency disorders, cystic fibrosis (CF) and alpha-1 antitrypsin (AAT) deficiency. Whereas CF and AAT deficiency present beyond the neonatal period and worsen into childhood or adulthood, leading to shortened life expectancy, SP deficiency presents most often immediately after birth, with severe respiratory failure (4) (5) (6) . Treatment options are limited and include supportive and compassionate care or lung transplant (7, 8) . Together, these genetic pulmonary diseases lead to significant lifelong morbidity and mortality, and new alternate treatment strategies are needed.
Because many of these disorders are caused by monogenic mutations, they are ideal candidates for gene-editing technologies. Furthermore, the lung is a barrier organ and is exposed to the external environment, making it an attractive target for treatment delivery systems via intratracheal or nasal routes to selectively target respiratory epithelium and other pulmonary cell lineages (9) (10) (11) . Recent advances in gene-editing technology using CRISPR/Cas9 offer an exciting new approach to repairing or inactivating disease-causing gene mutations (12) (13) (14) . The application of this technology is growing rapidly, and several groups have recently demonstrated successful repair of mutations in tissue and animal models of monogenic diseases such as CF, Duchenne muscular dystrophy (DMD), and ornithine transcarbamylase deficiency (OTC) and cataracts (15) (16) (17) (18) (19) (20) .
The purpose of this perspective is to provide clinicians and investigators with insight into the potential application of CRISPR/Cas9 in the treatment of monogenic lung diseases at a time when this technology is evolving rapidly. We will discuss the recent advances in and advantages of CRISPR/Cas9 as a geneediting tool and the potential application of CRISPR/Cas9 gene editing in SP deficiency, CF, and AAT deficiency; elaborate on the knowledge gaps and limitations; and propose strategies to address these barriers for successful translation into human clinical trials.
Genetic Basis of Monogenic Lung Diseases Surfactant Protein Deficiency
Inherited SP deficiency is caused by genetic mutations in several genes, including SFTPB, SFTPC, and ATP-binding cassette protein member 3 (ABCA3), important for surfactant metabolism (21) . Surfactant protein B (SFTPB) and surfactant protein C (SFTPC) are hydrophobic proteins that maintain adsorption of surfactant lipids at the alveolar air-liquid interface and are necessary for lowering surface tension. ABCA3 is a transmembrane transporter protein which is located on lamellar bodies. ABCA3 is essential for lipid transport. The lamellar bodies are specialized organelles involved in surfactant packaging and recycling. SFTPB is encoded by a single SFTPB gene on chromosome 2 that is composed of 11 coding exons and is highly expressed in alveolar type 2 (AT2) cells. All known mutations of the SFTPB gene are inherited in an autosomal-recessive manner, and no known spontaneous mutations have been reported. Of the 30 loss-of-function recessive mutations reported, a frameshift mutation in codon 121 is the most common (21) (22) (23) . SFTPC deficiency is caused by autosomal gain-offunction mutations in the SFTPC gene located on chromosome 8, of which the I73T missense mutation is the most common (24, 25) . Sporadic diseases caused by spontaneous mutations in SFTPC have also been reported. The human ABCA3 gene, consisting of 30 coding exons, is located on chromosome 16. More than 70 recessive loss-of-function mutations in ABCA3 have been identified so far, and it is the most common genetic cause of SP deficiency (26, 27) .
CF
CF is an autosomal-recessive disorder of the cystic fibrosis transmembrane conductance regulator (CFTR) gene located on chromosome 7. It results in abnormal conductance of chloride ion channel activity in airway ciliated epithelial cells and leads to the accumulation of excess thickened mucus and impaired mucociliary clearance, predisposing to recurrent infections, respiratory failure, and early death (28) . Nearly 2,000 mutations of the CFTR gene have been identified thus far. The ΔF508 mutation caused by deletion of phenyl-alanine at position 508 in exon 11 is present in 90% of patients with CF. It results in the production of misfolded CFTR protein that is degraded before reaching its site of action on the cell membrane. The different CF mutations are grouped into five classes on the basis of the pathogenic mechanism. Clinical features and severity of illness are variable and depend on the genetic variant (28, 29) . Through universal newborn screening programs, the majority of patients with CF are identified early in life and recent development of novel therapies has significantly extended the life of these patients (3, 30, 31) .
AAT Deficiency
AAT is a serine protease inhibitor that is secreted from the liver and inhibits neutrophil elastase, proteases, and defensins in the lung. AAT deficiency results from synthesis and accumulation of abnormal AAT and leads to unopposed release of neutrophil elastase in the lung, leading to early-onset emphysema and shortened life expectancy. Accumulation of misfolded AAT also causes hepatocyte injury, which further exacerbates AAT deficiency. AAT deficiency is caused by single-base substitution mutations in the A1AT gene on chromosome 14, resulting in single amino acid modifications. The "Z" mutation caused by G342L on exon 5 and the "S" mutation caused by G264V on exon 3 are the most common AAT deficiency mutations (4, 32) .
Need for Alternate Therapy
Genetic lung diseases are fatal and they represent a significant health care burden. Despite extensive understanding of the genetics, definitive treatment options are lacking. Because many genetic lung diseases are monogenic in nature, they are promising targets for treatment using geneediting technologies. Moreover, pulmonary genetic disorders are uniquely amenable to targeted gene-editing therapy because the lung is a barrier organ and is in direct contact with the external environment. In addition, in the case of SFTPB and SFTPC deficiency syndromes, the proteins are expressed primarily in the lungs, and extrapulmonary organs are unaffected by the underlying mutations, leaving open the possibility that lung-specific therapy could lead to a clinical cure.
CRISPR/Cas9 Overview
CRISPR/Cas9 technology is an adaptation of the bacterial defense mechanism against foreign DNA. Of the different types of CRISPR systems identified so far, type 2 CRISPR is of most interest. The bacterial CRISPR locus consists of short palindromic repeats within the bacterial genome, into which the foreign DNA is incorporated in multiple small pieces. Upon reexposure to foreign DNA, the CRISPR locus is transcribed into small RNAs that guide the Cas9 endonuclease to the specific site in the foreign DNA on the basis of DNA-RNA sequence complementarity and generates a double-stranded break (DSB), helping protect the host bacterium from viral or other foreign DNA complexes (13, 33) .
The CRISPR/Cas9 system generally consists of two components. The first component is the Cas9 endonuclease, which cleaves the DNA to create specific DSB. Cas9 consists of two domains, the N-terminal RuvC-like nuclease domain and the HNHlike nuclease domain; each binds to the opposite sides of the DNA at the desired location to create a DSB. The second component is the guide RNA (gRNA), which is composed of a crRNA that is complementary to the target DNA sequence in the gene of interest and an RNA sequence, called the transCRISPR RNA or transactivating crRNA, that forms the scaffold for the system. In addition to the gRNA, which targets the Cas9 enzyme to a specific DNA sequence, another important component required for the Cas9 to bind to the desired DNA site is the protospacer adjacent motif (PAM), which is a short DNA stretch of three to five nucleotides. The PAM sequence must be present immediately downstream (39) of the target sequence for Cas9 to bind to and cleave the target sequence. The PAM sequences vary depending on the bacterial species or variants from which Cas9 is derived; in theory, this allows expansion of the spectrum of genomic loci that can be targeted. As a consequence, any gene sequence that has a PAM sequence immediately downstream can be genetically modified by CRISPR/Cas9.
After the formation of a Crispr-mediated DSB, there are two mechanisms by which the cleaved DNA can be repaired. The first mechanism is repair by nonhomologous end joining (NHEJ), which is mediated by ligation of the exposed fragmented region of the DSB by an error-prone process that results in small insertions or deletions (indels). Using this method, gene knockouts can be created by using a single gRNA targeted against the desired gene locus, followed by formation of indels by NHEJ, causing frameshift mutations. Alternatively, two gRNAs targeting different sites can be used to delete a larger section of the gene. In contrast, the second type of repair mechanism uses homologous DNA repair (HDR) through the use of homology regions between the fragmented ends of a DSB and a donor DNA template to precisely repair the gene of interest. It is this capability that may be of most use in correcting respiratory monogenic diseases such as CF or SP deficiencies. HDR can also be used to insert a different DNA sequence to encode a reporter gene of interest, such as EGFP (Figure 1 ).
Earlier forms of gene-editing tools consisting of zinc finger nucleases and transcription activator-like effector nucleases, were based on the fusion of synthetic zinc finger or transcription activator-like effector DNA binding domains with a bacterial nonspecific restriction endonuclease to create DSB at the desired location (34, 35) . A major limitation of these techniques is the laborious process involved in the synthesis of zinc fingers and transcription activator-like effectors and their relative inefficiency because of limited binding sites. In contrast, CRISPR/Cas9 is much simpler to design and has higher efficiency because it uses an RNA-DNA binding feature rather than the protein-DNA binding feature of zinc finger nucleases and transcription activator-like effector nucleases. Given these technical advantages, many groups have successfully used CRISPR/Cas9 technology in model organisms. The technique has been used to manipulate genes in vitro and in vivo in plants and animals and to create knockout or knockin models, add protein tags, and insert loxP/FRT sites to investigate disease mechanisms (36, 37) . As the list of CRISPR-based disease models continues to grow, opportunities increase to use these models to explore the therapeutic capability of CRISPR/Cas9 to correct disease-causing gene mutations and to assess specific phenotypic changes and pathophysiological mechanisms.
CRISPR as a Therapeutic Strategy
Therapeutic application of CRISPR/Cas9 to correct disease-causing mutations has been investigated in vivo for DMD, OTC, hereditary tyrosinemia, and cataract. Three independent studies used CRISPR/Cas9 and NHEJ to excise the mutated exon 23 in a DMD mouse model to achieve exon skipping in the Dystrophin gene (16) (17) (18) . This resulted in the synthesis of truncated, yet functional, dystrophin protein. Genecorrected DMD mice demonstrated decreased muscle fibrosis and functional recovery, as evidenced by improved grip strength and reduced serum creatine kinase. Gene correction also occurred in cardiac muscle after systemic injection, which is critical because cardiac failure is the most common cause of death in patients with DMD. Importantly, deep sequencing for potential off-target sites showed minimal to no evidence of offtarget effects in all three studies. Gene correction using CRIPSR/Cas9 and HDR was also used as a therapeutic strategy in a mouse model of urea cycle defect disorder (19) . Intravenous injection of CRISPR/Cas9 and a donor DNA strand into newborn mice with partial deficiency of the OTC enzyme resulted in 10% gene correction in hepatocytes. The gene correction resulted in improved survival and reduced ammonia levels in mice challenged with a highprotein diet. Finally, a mouse model of cataract caused by a dominant mutation in the Crygc gene was corrected using CRISPR/Cas9 in the germline (20) . Gene correction occurred in 30% of the live-born pups by NHEJ or HDR-mediated repair, and all genetically corrected mice lacked cataracts by gross and histological analysis. Off-target mutations were noted in 2 of 12 mice tested. Furthermore, progeny of the genetically corrected mice were free of cataracts. Thus, multiple studies have (38) . However, the limitation of this model is that it is a compound transgenic mouse model in which SFTPB is expressed conditionally and does not ideally represent the disease-causing mutations found in humans (39) . An alternative SP deficiency model includes dominant mutations in the SFTPC gene, such as the I73T mutation, which cause a misfolded proteins response, leading to AT2 cell dysfunction and death (40) . In mice, SFTPC expression is not required for survival and lung function in normal physiologic conditions. Thus, a simple deletion of the mutant SFTPC gene could prevent the formation of the misfolded precursor SFTPC protein and may improve survival and lung function in individuals with this mutation. However, with only a single normal allele of SFTPC, such individuals may remain at risk of exacerbated surfactant dysfunction during episodes of infection or other injurious stimuli (41) . Thus, CRISPR/Cas9-induced gene deletion may be an efficient strategy for the treatment of some dominant genetic mutations, restoring homeostasis of tissues by removing deleterious alleles without the need for HDR-mediated gene correction.
Previous reports have suggested that genetic repair by HDR works more efficiently in proliferating cells (42, 43) . In line with this evidence, increased efficiency and lower off-target DSB were noted in newborn mice livers from the OTC model targeted for gene correction using CRISPR/Cas9, as compared with corrected adult mouse livers (19) . For these reasons, therapeutic gene editing during the fetal period, when most cells are still proliferating, is an attractive strategy. Prenatal therapy may provide the best opportunity to treat the disease before the rapid disease progression that occurs immediately after birth in SP deficiency and thus improve both mortality and morbidity. Furthermore, widespread availability of prenatal diagnostics for early diagnosis of these conditions increases the feasibility of such an approach (44) .
A major shortcoming of gene therapy is the immunogenic potential of viral vectors and immune-mediated diminution of the transgene and/or viral vectors acquired either through a previous natural infection or after gene therapy exposure. This is particularly important if repetitive administration, which induces an immune response and decreases efficiency through neutralizing antibodies, is required (45, 46) . This limitation could be overcome by the delivery of gene-editing reagents early in life before exposure to natural infection and when the immune system is still immature (47) . Therapeutic intervention in the fetal period may induce immune tolerance and improve efficiency. Finally, prenatal application is feasible via the intraamniotic, vitelline vein, or by fetal intratracheal injection (48) (49) (50) (51) . The presence of fetal breathing movements combined with direct contact between the developing airways and amniotic fluid suggests that CRISPR/Cas9 administered via the intraamniotic route could reach the lung epithelium. Taken together, genome editing in fetal lungs represents a promising therapeutic strategy for lethal SP deficiency disorders.
CF
The Clevers group has shown that intestinal organoids from pediatric patients that are homozygous for CFTR ΔF508 lack the ability to respond to forskolin stimulation by swelling, mimicking important aspects of CF disease in vitro (15) . Importantly, on CRISPR/Cas9-mediated gene correction of the ΔF508 mutation, normal response to forskolin-induced swelling was rescued in these organoid cultures. The authors proposed colonic transplant of genetically corrected organoids as a potential strategy for gene therapy (52) . Whether a similar strategy using airway basal stem cells could be used to correct airway-related lung diseases remains to be investigated. Airway organoids have been developed by harvesting basal cells from the mouse and human lung and culturing them in a threedimensional matrix, where they can differentiate into both secretory and multiciliated epithelial lineages (53, 54) . Such an organoid system could be used to treat CF, if a suitable transplant assay can be developed. Because CF is caused by a constellation of mutations, the development of individualized autologous pulmonary models using patient-specific cells would allow for a personalized approach in patients. Patients with CF are now identified early because of universal newborn screening programs, and harvesting basal airway cells early in childhood, rather than later, for gene editing could provide advantages for therapy.
AAT
AAT is a compelling candidate for gene therapy because serum AAT levels correlate directly with improvement in pulmonary function, and the efficiency of gene editing can be assessed by measuring these levels. Current gene therapy strategies consist of targeting skeletal myocytes to augment AAT synthesis and preclude augmentation in hepatocytes because of ongoing liver damage caused by accumulation of aberrant AAT (55, 56) . This limitation could be overcome by CRISPR/Cas9 repairing the gene mutation within hepatocytes, to enable synthesis of normal AAT and thus treat both liver and lung disease. Moreover, portal venous injection of recombinant AAV containing human AAT in mice results in efficient transgene expression (57) , indicating that portal vein injection of CRISPR/Cas9 could enable liver-directed therapy.
In summary, gene therapy for monogenic lung diseases is an attractive strategy, and the potential pulmonary therapeutic targets for CRISPR/Cas9 geneediting approaches are varied and important (Tables 1 and 2 ). The fact that the lung is a barrier organ in direct contact with the external environment allows for multiple delivery options, including viral, RNA, or recombinant protein. This attribute also provides easy access to patient-specific pulmonary stem/progenitor cells for ex vivo gene-editing approaches, although engraftment of corrected cells remains a challenge. Finally, targeted gene editing in fetal lungs is also feasible because of the direct contact of the fetal airway with amniotic fluid and because of the presence of fetal breathing movements during late gestation.
Future Directions
Although the simplicity and ease of use of CRISPR/Cas9 has provided the basis for therapeutic gene-editing approaches, there remain multiple technical and biological roadblocks to overcome. An important question that requires further assessment is at what levels of efficiency does gene editing result in physiological correction of a given monogenic disease. This is likely to be different for every disease and tissue, but some experiments suggest that in a model of CF, at least 25% of surface epithelial cells should be targeted for restoration of normal mucus transport (58) . However, the percentage of AT2 cells, airway epithelial cells, and hepatocytes that need to be genetically corrected in vivo to produce adequate amounts of SFTPC, CFTR, and AAT, respectively, is unknown. Higher off-target effects could also become more prevalent when higher efficiencies are attempted. Hence, the lowest required dose of CRISPR/Cas9 to produce the required physiological change while averting off-target effects will need to be determined empirically for each diseasecausing mutation. Another important consideration is that gene editing may not provide a long-lasting response because of the natural turnover of cell populations in a given organ or tissue. This possibility may necessitate the targeting of longer-lasting stem/progenitor populations or repeat administrations. Whether either of these approaches is more efficient or technically feasible requires further investigation.
The possible off-target effects of CRISPR/Cas9 gene editing also remain unclear. Although most off-targeting events are rare and in many cases could be silent mutations, it is possible that the mutation may express later in life and could potentially be deleterious. Therefore, both short-and long-term safety studies will need to be analyzed carefully. Although recent studies report rare off-target effects, an ideal strategy would be to completely eliminate the potential for any off-target effects caused by unknown long-term effects that cannot be fully assessed (12, 15) . Strategies being developed to eliminate off-target effects include the use of paired Cas9 nickases to induce single-stranded breaks, and other endonucleases that do not require transactivating crRNA and cleave DNA in a staggered pattern to create sticky ends, which is particularly suited for HDR in nondividing cells (59) (60) (61) (62) . In addition to highlighting the off-target effects of CRISPR/Cas9, previous studies using lentiviral methods for gene therapy approaches to treat severe combined immune deficiency reported the development of cancers, possibly caused by lentiviral-induced insertional mutagenesis (63) . Recent advances in AAV-mediated delivery systems are likely to circumvent many of these issues (64) . Moreover, the ability of the lung to be targeted easily by RNA or recombinant protein approaches would also decrease such deliveryassociated problems. Innate pulmonary barriers such as the airway mucus barrier, immunological defense mechanisms, and cellular tight junctions impose challenges to effective delivery of genetic tools directly to lung epithelial cells. Airway mucus is the first physical barrier for gene-editing tools to overcome before reaching the target cells, and in diseased airways such as in CF, it is particularly dense and inhibitory to the introduction of exogenous DNA. Recent developments in lipid nanoparticles as tools for mucus penetration and gene delivery may enhance transfection efficiency (65, 66) (Figure 2 ).
Ethical Considerations
Germline editing is a concern and a source of much ethical discussion. As recommended by national and international summits on the ethical issues of germline editing, robust research is needed to evaluate changes in cells and tissues that have undergone gene editing, to assist scientific, governmental, and public communities make informed decisions (67, 68) . 
Conclusions

